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Diffractive Optical Element And Optical System 

BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates to a diffraction optical 
element and an optical system having the diffraction 
optical element, and particularly to a diffraction 
optical element for use in light of a plurality of 
wavelengths or bands and an optical system using the 
same. 

Related Background Art 

In a refracting optical system, use has heretofore 
been made of a method of decreasing chromatic 
aberration by a combination of glass materials 
differing in dispersion. In contrast, a method of 
decreasing chromatic aberration by providing a 
diffractive optical element (hereinafter referred to 
also as DOE) having the diffracting action on a lens 
surface or in a portion of an optical system is 
disclosed in such literature as SPIE, Vol. 1354, 
International Lens Design Conference (1990), Japanese 
Patent Application Laid-Open No. 4-213421 
(corresponding U.S. Patent 5,044,706), Japanese Patent 
Application Laid-Open No. 6-324262, etc. These utilize 
the physical phenomenon that on the refracting part and 
the diffracting part of the optical system, chromatic 
aberration appears in opposite directions. 



Further, such DOE can also be given an effect like 
that of an aspherical lens by varying the period of the 
periodic structure thereof, and is greatly effective to 
reduce aberrations. 

On the other hand, a ray refracted by a refracting 
surface is a ray still after refracted, whereas in the 
DOE, a ray has the nature that the ray is divided into 
lights of respective orders after refracted. 
Therefore, when the DOE is used in a lens system, such 
grating design that a beam of a wavelength area used 
concentrates in a particular order (hereinafter 
referred to also as the design order) is indisper sable. 
Specifically, it is necessary that in the entire area 
of the wavelength used in the system, the diffraction 
efficiency of a ray of the design order be sufficiently 
high. 

When there is present a ray having other 
diffraction order than the design order, it becomes a 
flare light which adversely affects image performance 
at a location whereat light of the original design 
order is imaged. Accordingly, what is important in the 
construction of an optical system using the DOE is to 
sufficiently take into consideration the spectral 
distribution of the diffraction efficiency at the 
design order and the behavior of rays of other orders 
than the design order. 

The characteristic of the diffraction efficiency 
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of a DOE as shown in Fig. 10 of the accompanying 
drawings for diffracted light of the particular 
diffraction order is shown in Fig. 11 of the 
accompanying drawings. In Fig. 10 # the DOE 1 is such 
5 that on a substrate (base) 2, a phase type diffraction 
grating 4 formed of a predetermined material is formed 
into a sawtooth cross-sectional shape with a grating 
height (depth) d. 

The value of the diffraction efficiency is the 

10 rate of the quantity of each diffracted light to the 

entire transmitted beam, and is a value not taking the 
reflection or the like on the boundary surface of the 
grating into account because description will become 
complicated if it is taken into account. In Fig. 11 , 

15 the axis of abscissas represents wavelength and the 
axis of ordinates represents diffraction efficiency. 
This DOE is designed such that in the first diffraction 
order (solid line in Fig. 11), diffraction efficiency 
becomes highest in the wavelength area used (that is, 

20 the design order is the first order) . 

Further, the diffraction efficiency for the 
diffraction orders in the vicinity of the design order 
(zero order and second order with respect to the + 
first order (design order)) is also shown. As shown in 

25 Fig. 11, at the design order, the diffraction 

efficiency becomes highest for a certain wavelength 
(hereinafter referred to as the design wavelength) and 
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gradually becomes lower for the other wavelengths . The 
amount of reduction in the diffraction efficiency of 
the design order for the other wavelengths than the 
design wavelength becomes diffracted lights of the 
5 other orders and becomes a factor of flare. Also, when 
a plurality of DOE's are used, the reduction in the 
diffraction efficiency also leads to a reduction in 
transmittance . 

Various propositions have been made as 

10 constructions for restraining the reduction in the 

diffraction efficiency for the other wavelengths than 
the design wavelength which becomes such a factor of 
flare. In a construction disclosed in Japanese Patent 
Application Laid-Open No. 9-127322 (corresponding U.S. 

15 Patent 6,157,488), as shown in Fig. 12 of the 

accompanying drawings, three different materials and 
two different grating thicknesses (dl and d2) are 
optiomally chosen and are disposed in proximity to each 
other at equal pitch distributions to thereby realize 

20 high diffraction efficiency in the entire visible area 
of the design order, as shown in Fig. 13 of the 
accompanying drawings . 

Also, Japanese Patent Application Laid-Open No. 
10-133149 discloses a DOE having a laminated cross- 

25 sectional shape in which diffraction gratings are 

superposed in two layers, as shown in Fig. 14 of the 
accompanying drawings . The refractive indices , 
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dispersion characteristics and grating thicknesses of 
materials forming the diffraction gratings of the two 
layers are optimized to thereby realize high 
diffraction efficiency in the entire visible area of 
5 the design order. 

Also, Japanese Patent Application Laid-Open No. 8- 
220482 presents a construction in a relief type DOE 
having a sawtooth cross -sectional shape in which flare 
caused by the wavelength dependency of diffraction 

10 efficiency is improved. That is, the relief pattern 
surface of the DOE is divided into areas and the 
optimization of the depth of grooves in the relief 
pattern surface of the pertinent area is effected so 
that diffraction efficiency may become maximum for the 

15 central wavelength of light passing through the 

pertinent area. In addition, as shown in Fig. 15 of 
the accompanying drawings, diffraction efficiency is 
improved in the vicinity of the design wavelengths Xa, 
Kb and Xc to thereby reduce flare. Also, in Japanese 

20 Patent Application Laid-Open No. 10-104411 

(corresponding U.S. Patent 6,011,651), the design 
wavelength of a kinoform type diffractive optical 
element as shown in Fig. 10 of the accompanying 
drawings is set to a suitable value at that it is 

25 difficult for color flare to be conspicuous, and 

specifically the grating thickness is adjusted, thereby 
reducing the quantity of unnecessary diffracted lights 
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in the vicinity of the design wavelength. 

However, in the above-mentioned Japanese Patent 
Application Laid-Open No. 9-127322 and Japanese Patent 
Application Laid-Open No. 10-133149, it is only 
5 described that the diffraction efficiency for the 
design order is greatly improved and therefore 
unnecessary diffracted lights of the other orders than 
the design order are greatly reduced and flare is 
decreased, and there is no detailed description of the 

10 color taste of flare and the amount of flare. 

On the other hand, Japanese Patent Application 
Laid-Open No. 8-220482 shows a construction in which in 
a DOE of single layer construction (hereinafter 
referred to as the single layer DOE) provided by a 

15 relief type diffraction grating having a sawtooth- like 
cross-sectional shape, the central wavelength of 
transmitted light through each area is the design 
wavelength, whereby the wavelength dependency of 
diffraction efficiency is reduced, but there is made no 

20 description of a DOE having a laminated cross -sectional 
shape (hereinafter referred to as the laminated DOE) in 
which diffraction gratings are superposed in two or 
more layers . 

Also, Japanese Patent Application Laid-Open No. 
25 10-104411 bears a description of the influence, etc. of 
the color flare of lights of unnecessary orders, but 
the DOE used in the description is a single layer DOE 



as shown in Fig. 10, and no mention is made of the 
flare regarding the single layer DOE. 

In an optical system using the af oredescribed 
laminated DOE, in contract with the single layer DOE, 
flare is greatly reduced, but it cannot be said that 
unnecessary diffracted lights are not at all present, 
and although slightly, unnecessary diffracted lights 
remain. In the application of the laminated DOE to an 
optical system in which the photographing (projecting) 
condition does not change (for example, the reader lens 
of a copier or the projection lens of a liquid crystal 
projector) , the influence of flare can be restrained to 
a problem-free level by the laminated DOE. In 
contrast, in an optical system for photographing an 
object under various conditions such as a camera or a 
video camera, it has become apparent that the slightly 
remaining flare poses a problem. Particularly when the 
flare component has wavelength dependency, color flare 
similar to that in the single layer DOE of Japanese 
Patent Application Laid-Open No. 10-104411 occurs. On 
the other hand, in the laminated DOE of Japanese Patent 
Application Laid-Open No. 11-64616 (corresponding U.S. 
Patent 6,122,104), there are three or more design 
wavelengths which are wavelengths (peak wavelengths) 
for which diffraction efficiency becomes maximum. 
According to this DOE, the occurrence of color flare is 
considerably restrained. 



SUMMARY OF THE INVENTION 

So, the present invention has as its object to 
provide a diffractive optical element improved over the 
element of Japanese Patent Application Laid-Open No. 
11-64616 and an optical system having such diffractive 
optical element. 

In order to achieve the above object, in the 
diffractive optical element of the present invention, 
three layers each having a relief type grating are 
formed of different materials, and at least three 
diffraction optical parts are provided in the boundary 
areas of the respective layers. The diffractive 
optical element is characterized in that the material 
forming each layer and the grating height are 
appropriately set so that in three wavelengths which 
are the main wavelengths of the three primary colors, 
the diffraction efficiency for diffracted light of a 
predetermined order may be maximum. 

Here, when the diffractive optical element of the 
present invention is used in an optical system for 
forming an image on the photosensitive surface of 
silver salt film, an image pickup element or the like, 
the main wavelengths of the three primary colors refer 
to the main wavelengths of color lights for which the 
spectral sensitivity of the photosensitive surface is 
high. Also, when the diffractive optical element of 
the present invention is used in an optical system for 
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illuminating an original picture with light from a 
light source, and projecting the image of the 
illuminated original picture, the main wavelengths of 
the three primary colors refer to the main wavelengths 
5 of color lights included in the light from the light 
source . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a front view of a diffractive optical 
10 element according to Embodiment 1 of the present 
invention. 

Fig. 2 shows a fragmentary cross -sectional shape 
of the diffractive optical element on the cross -section 
2-2 of Fig. 1. 

15 Fig. 3 is a graph showing the spectral sensitivity 

characteristic of silver salt film. 

Fig. 4 is a graph showing the diffraction 
efficiency of the diffractive optical element according 
to Embodiment 1 at the design order and the spectral 

20 characteristic of the silver salt film. 

Fig. 5 is a graph showing the diffractive 
efficiency of the diffractive optical elements 
according to Embodiment 1 and the prior art at the 
des ign order . 

2 5 Fig. 6 is a graph showing the diffraction 

efficiency of the diffractive optical elements 
according to Embodiment 1 and the prior art for 
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unnecessary order light. 

Fig. 7 is a schematic view of a color image 
photographing optical system according to Embodiment 1. 

Fig. 8 is a schematic view of a color image 
5 inputting optical system according to Embodiment 2. 

Fig. 9 is a schematic view of a color image 
projection optical system according to Embodiment 3. 

Fig. 10 shows a cross-sectional shape of a single 
layer type diffractive optical element according to the 
10 prior art. 

Fig. 11 is a graph showing the diffraction 
efficiency of the diffractive optical element of Fig. 
10. 

Fig. 12 shows a cross -sectional shape of a 
15 laminated type diffractive optical element according to 
the prior art . 

Fig. 13 is a graph showing the diffraction 
efficiency of the diffractive optical element of Fig. 
12. 

20 Fig. 14 shows a cross -sectional shape of a 

laminated type diffractive optical element according to 
the prior art. 

Fig. 15 is a graph showing the diffraction 
efficiency of a single layer type diffractive optical 
25 element according to the prior art. 

Fig. 16 shows a cross-sectional shape of a 
laminated type diffractive optical element according to 
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the prior art . 

Fig. 17 is a graph showing the diffraction 
efficiency of the dif tractive optical element of Fig. 
16 for the design order. 
5 Fig. 18 is a graph showing the diffraction 

efficiency of the diffractive optical element of Fig. 
16 for unnecessary order lights. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
10 Some embodiments of the present invention will 

hereinafter be described. 
Embodiment 1 

Fig. 1 is a front view showing the construction of 
a diffractive optical element (DOE) according to 

15 Embodiment 1 of the present invention. In Fig. 1, the 
DOE 1 is of a construction in which a phase type 
(relief type) diffraction grating 3 is made on the 
surface of a substrate 2. Fig. 2 shows a part of a 
cross -sectional shape taken on the section 2-2 of the 

20 diffractive optical element of Fig. 1. Fig. 2 is a 

view considerably more emphasized in the direction of 
the grating height (depth) than actual in order to make 
it easily understood 

The cross -sectional shape of the DOE according to 

25 the present embodiment is comprised of laminated 

structure formed of three materials of a first layer 4 , 
a second layer 5 and a third layer 6 differing in 
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dispersion and provided on the substrate 2, and has 
structure comprising a first diffraction grating having 
a diffraction grating surface 7 of a grating height dl 
in the boundary area between the first layer 4 and the 
5 second layer 5, a second diffraction grating having a 

diffraction grating surface 9 of a grating height d2 in 
the boundary area between the second layer 5 and an air 
layer 8, and a third diffraction grating having a 
diffraction grating surface 10 of a grating height d3 
10 in the boundary area between the third layer 6 and the 
air layer 8 . 

While in Fig. 2, the diffraction grating surface 9 
and the diffraction grating surface 10 are formed in 
the boundary areas with respect to the air, this is not 

15 restrictive, but the area between the diffraction 

grating surface 7 and the diffraction grating surface 9 
may be an air layer, or the construction does not 
matter if the diffractive optical element is one having 
three or more diffraction grating surfaces formed of a 

20 combination of three or more different materials. 

Description will now be made of unnecessary order 
lights created by the DOE which are the cause of color 
flare. In order to describe the diffraction efficiency 
of the unnecessary order lights, consider a heretofore 

25 known laminated DOE of two layers shown in Fig. 16. 

Herein, a case where ultraviolet setting resin C001 
(refractive index nd=1.524. Abbe number vd=50.9) 
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produced by Dainippon Ink Chemical Industry Ltd. is 
used for the first layer 4 and another ultraviolet 
setting resin (nd=1.636, vd=22.8) is used for the 
second layer 5 is taken as an example. The design 
5 order is + first order, the grating thickness dl of the 
first diffraction grating is 9.5 pm, and the grating 
thickness d2 of the second diffraction grating is 6.9 
lam. In Fig. 16 , the reference numerals 2 and 8 
designate a substrate and an air layer, respectively, 

10 and are similar in significance to those in Fig. 2. 

The diffraction efficiency of the DOE of Fig. 16 
at the design order is shown in Fig. 17. 

In this example, there are two design wavelengths 
in the visible region, and from the short wavelength 

15 side, they are 438 nm and 588 nm in succession. It 

will be seen that as shown in Fig. 17, the diffraction 
efficiency is 100% at the design wavelengths 438 nm and 
588 nm. Also, the diffraction efficiency for 
unnecessary order lights is shown in Fig. 18. At the 

20 design wavelengths, unnecessary order lights are not 

created, and it will be seen that when the diffraction 
efficiency for the + first order light which is the 
design order light is reduced, the diffraction 
efficiency for diffracted lights of the other orders 

25 than the + first order is increased. This shows that 
in the other wavelengths than the design wavelengths, 
flare is caused by the other unnecessary order lights 
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than the design order light. 

Description will now be made of the diffraction 
efficiency of the DOE according to the present 
embodiment shown in Figs . 1 and 2 at the design order 
5 and the unnecessary order lights. 

In the DOE of the present invention, the design 
wavelengths are made coincident with the main 
wavelengths of the three primary colors . Particularly 
in the present embodiment, the design wavelengths are 

10 made coincident with the main wavelengths of the three 
primary colors R, G and B (red, green and blue) which 
are high in sensitivity on ordinary silver salt film. 
The spectral characteristic of the silver salt film is 
shown in Fig. 3. It will be seen from this figure that 

15 the main wavelengths of the three primary colors R, G 
and B which are high in sensitivity on the silver salt 
film are A.B = 450 nm, KG = 550 nm and \R = 650 nm from 
the ishort wavelength side. When the design wavelengths 
of the diffractive optical element are made coincident 

20 with the main wavelengths of the three primary colors, 
assuming that in Fig. 2, PMMA (nd = 1.492, vd = 57.4), 
first ultraviolet setting resin (nd = 1.636, vd = 22.8) 
and second ultraviolet setting resin (nd = 1.598, vd = 
28.0) are used for the first layer 4, the second layer 

25 5 and the third layer 6, respectively, and the design 
order is the first order, the grating thickness dl of 
the first diffraction grating, the grating thickness d2 
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of the second diffraction grating and the grating 
thickness d3 of the third diffraction grating become 
34.9 pm, 23.2 pm and 52.4pm, respectively. 

Fig. 4 shows the spectral characteristics of 
5 silver salt film for the three primary colors , and the 
diffraction efficiency of the DOE according to the 
present embodiment and the DOE according to the prior 
art shown in Fig. 16 at the design order. In Fig. 4, 
the axis of abscissas represents wavelength, the left 

10 axis represents the spectral characteristic of the 
silver salt film, and the right axis represents 
diffraction efficiency. It will be seen from Fig. 4 
that in the DOE according to the present embodiment, 
high diffraction efficiency is obtained at all of the 

15 main wavelengths of the three primary colors. 

Fig. 5 shows only the diffraction efficiency of 
the DOE ' s according to the present embodiment and the 
prior art at the design order picked out from Fig. 4 
and compares them with each other. It will be seen 

20 that as compared with the DOE according to the prior 
art, the DOE according to the present embodiment is 
greatly improved in diffraction efficiency. Fig. 6 
shows the diffraction efficiency of the DOE's according 
to the prior art and the present embodiment for the 

25 diffracted light of unnecessary order (second order). 
From Fig . 6 , the DOE according to the present 
embodiment is greatly reduced in unnecessary diffracted 
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light as compared with the conventional example and 
therefore, the flare caused by the unnecessary 
diffracted light can also be greatly reduced. 

Further, what should be mentioned specially is 
5 that as compared with the conventional example, in the 
present embodiment, the irregularity of the diffraction 
efficiency at each wavelength of the unnecessary order 
light is restrained. This means that the irregularity 
of the diffraction efficiency for the other order 

10 lights than the design wavelength caused by a 

manufacturing error, for example, an error of the 
grating thickness , becomes more allowable than in the 
prior art, and the provision of products easy to 
manufacture and high in quality can be expected. 

15 While in the present embodiment, the main 

wavelengths of the three primary colors are the 
spectral characteristics of the silver salt film, this 
is not restrictive, but the characteristics of an image 
pickup element such as a CCD may be used as the main 

20 wavelengths. Also, the three design wavelengths need 

not strictly be coincident with the main wavelengths of 
the three primary colors, and specifically, they can be 
coincident with the main wavelengths of the three 
primary colors within the range of ±20 run. Also, when 

25 the silver salt film has the spectral characteristics 
of three or more colors, for example, the silver salt 
film may have four photosensitive layers having 
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different spectral characteristics, and when there 
exist three or more main wavelengths of a color image, 
the design wavelengths of the DOE may be made 
coincident with three or more main wavelengths . 
5 As described above, by the design wavelengths of 

the DOE being made coincident with the main wavelengths 
of the three primary colors of a color image, there can 
be provided an optical element of high performance and 
high quality which realizes a great improvement in 

10 color flare and the restraint of the irregularity of 

diffraction efficiency for each wavelength caused by a 
manufacturing error . 

An optical system to which Embodiment 1 is applied 
is shown in Fig. 7. 

15 Fig. 7 shows a cross -section of the photographing 

optical system of a camera or the like, and in Fig. 7, 
the reference numeral 11 designates a taking lens 
having a stop 12 and the DOE 1 shown in Figs. 1 and 2, 
and a photosensitive surface such as silver salt film 

20 is provided on an imaging plane 13. 

This optical system is of laminated structure and 
is greatly improved in the wavelength dependency of 
diffraction efficiency by the design wavelengths being 
made coincident with the main wavelengths of the three 

25 primary colors of a color image, and the change in the 
diffraction efficiency at each wavelength by a 
manufacturing error during the manufacture of the 
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element is expected to be small and therefore, there 
can be provided a taking lens of high performance and 
high quality in which flare is little and the resolving 
power at low frequencies is high. 
5 While in Fig. 7, the DOE is provided on a flat 

plate near the stop, this is not restrictive, but the 
DOE may be provided on the curved surface of the lens 
or a plurality of DOE ' s may be provided in the 
photographing optical system. Also, while in Fig. 7, 

10 the silver salt film is disposed on the imaging plane, 
this is not restrictive, but an image pickup element 
such as a CCD or a CMOS may be used. Also, while the 
design wavelengths of the DOE are made coincident with 
the main wavelengths of the three primary colors of a 

15 color image, this is not restrictive, but the design 
wavelengths may be substantially coincident with the 
main wavelengths of the three primary colors . Also , in 
some cases , the design wavelengths may be made 
coincident with more than three main wavelengths . In 

20 addition, in the above -described embodiment, it is 

preferable to take the imaged state on the evaluation 
surface of color flare into consideration in order to 
provide the color taste of color flare lower in the 
attention property. 

25 Also, while in the present embodiment, the case of 

the taking lens of a camera has been shown, this is not 
restrictive, but the DOE of the present invention may 
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be used in an imaging optical system used in a wide 
wavelength region such as the taking lens of a video 
camera, the image scanner of a business machine or the 
reader lens of a digital copier to obtain a similar 
5 effect. 

Embodiment 2 

The construction of Embodiment 2 of the present 
invention is shown in Fig. 8. Fig. 8 is a cross- 
sectional view of a color image inputting optical 

10 system such as a film scanner, and the reference 

numeral 14 designates an illuminating lamp such as an 
LED or a cold cathode tube, the reference numeral 15 
denotes film, and the reference numeral 16 designates 
an imaging optical system having therein the DOE 1 

15 described in Embodiment 1. The reference numeral 17 
denotes an imaging plane on which a CCD is disposed. 
According to the present embodiment, there can be 
provided a film scanner of high performance in which 
the DOE is made into laminated structure to thereby 

20 greatly improve the wavelength dependency of 

diffraction efficiency and the design wavelengths are 
made coincident with the main wavelengths of the three 
primary colors of the light source to thereby reduce 
color flare and which is good in color reproducibility. 

25 To add, it is preferable to make the design wavelengths 
coincident with the main wavelengths of the three 
primary colors after taking into consideration the 
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sensitivity of the CCD at each wavelength, the 
transmit tance of the optical system at each wavelength, 
and the main wavelengths of the three primary colors of 
the light source. 
Embodiment 3 

The construction of Embodiment 3 of the present 
invention is shown in Fig. 9. Fig. 9 shows a cross - 
section of a color image displaying optical system, and 
the reference numeral 18 designates a monochromatic 
light source such as a laser, the reference numeral 19 
denotes a DMD (digital micromirror device) which is a 
reflection type light modulating element, the reference 
numeral 20 designates a light intercepting surface, the 
reference numeral 21 denotes an optical system, the 
reference numeral 22 designates a projection optical 
system having therein the DOE1 according to Embodiment 
1, and the reference numeral 23 denotes a screen. 
Although in Fig. 9, for simplification, there is shown 
an optical system in which only one monochromatic light 
source such as a laser is disposed as the light source, 
actually it is popular to dispose as light sources 
monochromatic light sources correspondingly to the 
three colors R, G and B and use them compositely. By 
thus using a DOE in which the design wavelengths are 
made coincident with the wavelengths of the 
monochromatic light sources of the three primary 
colors, there can be provided a color displaying 
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apparatus of high performance in which the diffraction 
efficiency at each wavelength is optimized and color 
flare is restrained. 

While in the present embodiment, a monochromatic 
5 light source such as a laser is used as the light 
source, this is not restrictive, but a white light 
source may be used or a diffraction type light 
modulating element such as a grating light valve may be 
used as the light modulating element . 

10 Also, while in the present embodiment, the DOE is 

disposed in the projection optical system, this is not 
restrictive, but if one or more DOE's is disposed on a 
common optical path of the three primary color lights 
from the light source, the one or more DOE's may be 

15 disposed anywhere on the common optical path of the 
three primary color lights. 



